Abstract-Planar inverted-F antennas (PIFA) are widely used in wireless hand-held devices due to their small-size, moderate bandwidth and radiation patterns. However, the radiation patterns of such antennas degrade when placed very close to a conductive finite ground plane. In this paper, an engineered magnetic superstrate is introduced to enhance the gain of PIFA antennas. The engineered magnetic superstrate is based on the broad-side coupled split ring resonator (SRR) inclusions which have high real permeability value at the resonance frequency of the antenna. Numerical full-wave simulations are performed to analyze the entire radiating system (antenna with superstrate). By using the magnetic superstrate, a 3.2 dB improvement in the gain of the PIFA antenna working in the UMTS band was achieved. The total height of the proposed superstrate over the antenna is only λ 0 /14 where λ 0 is the free-space wavelength at antenna's resonance frequency. Thus, the antenna structure remains low profile, and is advantageous in cell-phone applications.
INTRODUCTION
One of the design constraints on the new mobile handset generation is antenna-size miniaturization, as more antennas need to be integrated in the same handset to support multiple standards. Furthermore, antennas need to maintain good performance in terms of bandwidth, gain, and radiation pattern. PIFA antennas are widely used in mobile phones due to their small-size and moderate performance. Size reduction of PIFA antennas can be achieved using several techniques [1] [2] [3] [4] . In [1] , a small-size PIFA antenna operated at its one-eighth wavelength (λ/8) mode was proposed, the proposed PIFA constituted by two radiating strips of length about (λ/8) was fed using a coupling feed. Du et al. [2] used the idea of high-impedance surface to construct a photonic bandgap type (PBG-type) ground plan for a PIFA antenna in order to reduce the planar size of the antenna, the (PBG-type) ground plan was composed of a dielectric substrate on a metallic plate and an upper plate with periodically metallic patch overlays on the substrate. In [3] , the impedance bandwidth of a miniature PIFA antenna was enhanced using very high permittivity superstrate ( r > 35) without considering physical realization of the proposed superstrate. Another mechanism to miniaturize PIFA antenna is to have slots in the ground plane [4] to make the ground plane appear electrically longer. Although the slotted ground plane reduced the height of the antenna, this will add complexity in the design and housing of the mobile handset. Further, bandwidth becomes extremely narrow as antenna height is reduced. In [5] , it was shown that the emitted power from current handset phones results in significant power loss absorbed by user's human head; thus decreasing the efficiency and possibly the gain of the antennas.
While reducing the size of PIFA antennas is important, what is typically neglected is the consequential effect on the antenna gain and radiation patterns. In this work, an engineered magnetic superstrate constituted by split ring resonators SRR printed on both sides of a dielectric slab is designed for gain enhancement of PIFA antennas. The SRR unit cell is designed to have positive values for the effective permeability and permittivity at the resonance frequency of the antenna [6, 7] . The reason behind using magneto-dielectric superstrate instead of dielectrics with high permittivity is that magneto-dielectrics decrease the wavelength in the media leading to significant reduction in antenna profile without sacrificing the antenna radiation efficiency. The SRR unit cell is analytically characterized to obtain its effective permeability and permittivity. The designed artificial magnetic superstrate along with the PIFA antenna is numerically simulated, and the effect of the superstrate on gain, impedance bandwidth, and radiation patterns of the antenna is investigated.
ARTIFICIAL MAGNETIC SUPERSTRATE WITH SRR INCLUSIONS
The SRR unit cell acting as building block of the artificial magnetic superstrate is shown in Fig. 1(a) . The SRR inclusion consists of two parallel broken square loops. The host dielectric is made of Rogers RO4350 with a thickness of 0.762 mm, relative permittivity of r = 3.48, and loss tangent of tan δ = 0.004. A planar 12×12 array of SRRs was printed on the host dielectric layer to provide the engineered magnetic material. The superstrate used here consists of 3 layers of printed magnetic inclusions. The layers are separated by 2 mm of air layers as shown in Fig. 1(c) .
The SRR unit cell is analytically modeled by obtaining its effective relative permeability as [6] 
where S is the surface area of the inclusion (l x × l y ), ∆x and ∆z are the unit cell sizes in x and z directions as shown in Fig. 1(a) . The dimensions of the designed SRR unit cell are ∆x = ∆y = 8.5 mm, ∆z = 2.762 mm, l x = l y = 6.5 mm, w = 0.3 mm. The width of metallic strips (s) is equal to 0.3 mm, and the metallic strips are assumed to be made of copper. Formulas for R eff , C eff and L eff can be found in [6] .
Since the SRRs are aligned in the x-y plane, the resultant effective enhanced permeability as given by (1) is provided only in the z direction. Any incident magnetic field in the x or y direction will not couple to the SRR inclusion resulting in a permeability equal to that of free-space in those directions. Hence, the engineered material composed of the SRR inclusions will experience the anisotropic permeability tensor of
The analytically calculated effective relative permeability is shown in Fig. 2 . Inter-cell capacitors are formed in the gap regions between the metallic inclusions (unit cells) due to the incident x-directed electric field. The same phenomenon is observed for a y-directed incident electric field. However, in case of a z-directed electric field, the metamaterials superstrate will experience an effective permittivity equal to that of its host dielectric as the electric field would be perpendicular to the plane of the unit cell. Therefore, the artificial magnetic material composed of the SRRs inclusions will experience anisotropic electric permittivity of [8] 
where,
According to the above formulas, the effective relative permittivity of the designed structure in the x, and y directions would be equal to 5.62.
ARTIFICIAL MAGNETIC STRUCTURE AS A SUPERSTRATE FOR PLANAR PIFA ANTENNAS
The analytically characterized SRR unit cell discussed in previous section acts as a building block for an artificial magnetic superstrate placed over a PIFA antenna as shown in Fig. 1(c) . The PIFA antenna considered here (see Fig. 3 ) consists of a rectangular planar element located above a ground plane, a short-circuiting plate or pin, and a feeding mechanism for the planar element. The planar radiating element used here has dimensions of 24 mm × 8 mm, and is suspended on air substrate with a thickness of 8.5 mm. The antenna is fed using a coaxial probe feed and is shorted to the ground plane using a short-circuiting metallic pin of radius 0.35 mm. This metallic pin introduces inductance to antenna's equivalent circuit and hence reduces the planar size of the PIFA antenna to be used in cell-phones applications. The antenna is designed to operate at the frequency band of 2190-2210 MHz (UMTS) at which the magnetic superstrate has an effective permeability of about 15 (real part) and a magnetic loss tangent of 0.11 (see Fig. 2 ). The full-wave EM solver CST Microwave Studio was used to simulate the proposed antenna with and without superstrate. The distance between the PIFA antenna and superstrate was optimized numerically using CST to achieve the highest possible gain. Fig. 4(a) shows the reflection coefficient of the PIFA antenna before and after using the artificial magnetic superstrate at the optimized distance of 4 mm from the substrate. The overall height of the superstarte above the antenna is only λ 0 /14 where λ 0 is the free-space wavelength at the resonance frequency. As shown in Fig. 4(a) , the antenna impedance bandwidth (S 11 < −10 dB) and the resonance frequency of 2.2 GHz are slightly changed after using the metamaterial superstrate in comparison to the case without superstrate. Figure 4 (b) shows the gain of the PIFA antenna in the maximum radiation direction before and after using the artificial magnetic superstrate for different distances between the antenna and superstrate. It is observed that the gain is improved by 3.2 dB at the resonance frequency of 2.1 GHz after using the engineered superstrate at d = 4 mm. Figure 5 shows the radiation patterns (E-plane and H-plane) at the resonance frequency (2.10 GHz) of the PIFA antenna before and after using the engineered magnetic superstrate at d = 4 mm, it is observed that the gain of the PIFA antenna is enhanced by about 3.2 dB in the maximum radiation direction after using the artificial magnetic superstrate. Figure 4 : (a) The return loss and (b) the gain of the PIFA antenna before and after using the artificial magnetic superstrate for different distances between the antenna and superstrate. 
CONCLUSION
An engineered superstrate was introduced for gain enhancement of planar PIFA antenna. The engineered superstrate based on the broad-side split ring resonator SRR was analytically designed and characterized. The PIFA antenna covered with the artificial superstrate was numerically investigated. It was shown that using the engineered magnetic superstrate, gain enhancement of 3.2 dB is attainable, while maintaining a superstrate profile of λ 0 /14 where λ 0 is the free-space wavelength at the PIFA's resonance frequency.
